During cell division, sister chromatids are segregated by the mitotic spindle, a bipolar assembly of interdigitating antiparallel polar filaments called microtubules. Establishing a stable overlap region is essential for maintenance of bipolarity, but the underlying mechanisms are poorly understood.
Eukaryotic cells store their chromosomes in a nucleus. During nuclear division, called mitosis, the duplicated chromosomes segregate. This process relies on the mitotic spindle, a bipolar structure of interdigitating microtubules [1] . These filamentous polymers are physically cross linked by specific proteins to maintain the spindle's integrity. Some of these cross linkers are molecular motors that can generate mechanical stresses from the hydrolysis of ATP, which in turn can result in relative sliding between microtubules. Whereas the gross architecture of spindles is conserved from yeast to human, their detailed internal organisation varies largely between species.
In spite of its vital importance, the physical principles underlying formation and size regulation of mitotic spindles are largely unknown. Some works emphasize the inherent ability of microtubules and molecular motors to self-organize into spindle structures by means of their mechanical interactions and microtubule assembly [2] [3] [4] . Microtubules turn over on a time scale of tens of seconds with kinetic differences at their two ends, denoted as plus and minus. Other authors have emphasized the role of external factors in spindle assembly and maintenance, for example, through macroscopic gradients of various regulatory proteins [5] [6] [7] [8] [9] .
On the scale of individual filaments, notably the regulation of microtubule length by length-dependent depolymerization [10] [11] [12] [13] [14] was studied. Less is known about mechanisms regulating the overlap between interdigitating microtubules, which is key for maintaining spindle bipolarity in many organisms. Cross linking molecular motors moving towards the microtubules' plus ends tend to reduce the overlap region, see Fig. 1a . This might be compensated either by filament growth at the plus end [15] or by the action of antagonistic motors moving towards the minus end [16] . Both mechanisms, though, turn out to require fine tuning of parameters. Passive cross linkers, that is, without motor activity, were long thought to merely provide structural integrity and to effectively increase the friction between sliding microtubules [17] . In vitro experiments, however, have indicated a regulatory function for the passive cross linkers MAP65/PRC1/Ase1 through recruitment of specific motor proteins [18] or through generating friction that depends on the overlap size [19] .
Theoretical work showed that these cross linkers and molecular motors can segregate along microtubules [20] . Passive cross linkers were also shown to lead to an increase of the overlap between filaments [21, 22] . Consequently, passive cross linkers might play a dynamically much more interesting role for spindle homeostasis than previously assumed. In this work we show that passive cross linkers can oppose the action of molecular motors to separate two antiparallel microtubules resulting in the formation of a stable partial overlap, see The sign is chosen such that hops reducing the spring extension are more likely. As for the passive cross linker Ase1 [19] , we consider the microtubule ends to constitute diffusive barriers: hopping off the lattice is suppressed. For motor particles, the boundary sites are treated as bulk sites.
To determine the motion of the microtubules, we compute the total force generated by the extensions of all springs of cross-linking particles. This force is balanced by the friction force µv, where v is the filament's velocity and µ its friction coefficient. We neglect possible Brownian motion of the filaments. This completes the description of our model.
We performed stochastic simulations, see Fig. 1b [30] . For the characteristic forces we took the stall force of Eg5, f m,p = 9pN [25] , and σ is taken to be 8nm. Each lattice had 100 sites corresponding to a microtubule length of 800nm and the friction coefficient µ was 0.1pNs/nm [31] . The rates ω o m,p depend on the concentrations of proteins in the reservoir and will be used as control parameters. From now on, we scale all rates by γ, lengths by 8nm, the size of a tubulin dimer, and forces by f m . Fig. 2a shows that for a fixed concentration of passive particles, there is an interval of motor concentrations for which a stable partial overlap is generated. If their concentration is below a critical value, both filaments overlap fully. This is in line with the reports in Refs. [21, 22] that passive cross linkers alone maximize the overlap between two filaments. Remarkably, also for motor concentrations above a critical value, we observe full overlap. This indicates that the ability of motors to separate antiparallel microtubules is reduced with increasing motor concentration. These observations are reminiscent of the dependence of the particle current in the totally asymmetric exclusion process (TASEP), which initially increases with the particle concentration and then decreases as it approaches a completely filled lattice [26] . From Figure 2a , one sees that the region of partial overlap shrinks with the concentration of passive particles.
To understand the origin of the stable overlaps, we turned to a mean-field analysis of our system. In steady state, the distribution of motors and passive cross linkers along the two filaments are the same when plotted from the plus to the minus end for each filament. We will focus on this symmetric situation and consider the densities ρ m,p (x) of particles bound to only one filament at a distance x from the plus end. Note, that x is now a continuous variable. In addition, φ m,p (x, ξ) denote the densities of cross linking particles, where one head is bound at a distance x from the plus end of one filament and ξ is the spring extension.
The second head is thus located a distance − x + ξ from the plus end of the other filament.
The time evolution of ρ m,p is given by the continuity equation
Here, the currents j m,p for motors and passive cross linkers are, respectively, given by
where Q m,p = dξ q m,p with q m,p = φ m,p (x, ξ) + φ m,p ( − x + ξ, ξ) denote the total densities of cross linking proteins at position x. The overlap length evolves according to µ˙ = F m + F p with
Finally, the source terms are given by Parameters are as in Fig. 1b ,c.
will be symmetric around zero due to the fast diffusion of bound cross linker heads and because the cross linking rate is symmetric with respect to ξ. At the boundary, however, this distribution is asymmetric because binding sites are absent beyond the filament's plus end. This leads to a net force. The same effect exists for motors. However, usually the bulk forces will mask it. Only in case the motor density is so high that motor movements are essentially blocked by steric effects does the end effect dominate. This asymmetry explains the maximal overlaps observed for very low and very high motor densities observed in Fig. 2 .
So far, we have not considered steric interactions between motors and passive particles.
Due to their different sizes, they might indeed occupy different protofilaments on cross linked microtubules. Still, a priori, one cannot exclude steric interactions between the two protein species. Extending our model to include steric interactions, we find that stable partial overlaps can be generated under these conditions, too, see Fig. 4a . Interestingly, for a similar average overlap length, the distribution is broader in the presence of steric interactions, see In summary, our analysis shows, that in the presence of motors and passive cross linkers stable partial overlaps can be generated between antiparallel filaments and that the overlap size can be tuned by the concentrations of motors and passive cross linkers. Previous work has shown that, in the presence of steric interactions between motors, sliding can also be induced between parallel filaments [27, 28] . It will be interesting to explore the consequences of these collective effects for the organization of ensembles of microtubules and their possible impact on spindle formation.
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